to -1.46). Additional meta-analyses, including those using a one-stage model, those including only parallel arm studies, and meta-analyses comparing only moderate exercise against a control condition, showed significant craving reduction following PA. Despite a high degree of between-study heterogeneity, effects sizes of all primary studies were in the same direction, with PA showing a greater reduction in cravings compared with controls. Conclusions There is strong evidence that physical activity acutely reduces cigarette craving.
INTRODUCTION
In the UK, 21% of adults smoke, yet the majority of smokers (63%) want to give up smoking (1) .
Unaided quit attempts have only a 3-5% success rate after 6-12 months' abstinence, with most smokers relapsing within the first eight days (2) . It has been well established that standard smoking cessation treatments, combining pharmacological and behavioural support are effective (3); nonetheless, success rates remain low, with less than 30% of people successfully quitting, even with the best available support (4) (5) (6) . In addition, giving up smoking is associated with significant weight gain (7) , and concern about weight gain is a possible reason for relapse, specifically among women (7) . Also cravings during smoking cessation reliably predict relapse to smoking (8) . Although physical activity (PA) is recommended as a smoking cessation aid (9) , only limited evidence supports its effectiveness for aiding cessation (10) , though there is some evidence to suggest that PA can help moderate weight gain following smoking cessation (7) . A previous systematic review concluded that there is good evidence that PA acutely reduces cigarette cravings (10, 11) ; however, this phenomenon has not been quantified using the most rigorous statistical approach. Also, the growth of research (10) is indicative of a need to update the evidence on the acute effects of PA on cigarette cravings.
Results of individual and often small-scale studies may not be able to answer a research question definitively. Traditional meta-analysis methods involve combining and analysing aggregate data (usually obtained from a published study), and are an integral part of evidence based research (12) .
Individual participant data (IPD) meta-analysis has been described as the 'gold standard' method (13) .
Meta-analysis of IPD offers numerous advantages over the traditional approach to meta-analyses (i.e., using aggregated data from primary studies) and presents a reliable means of combining data from randomised controlled trials (RCTs) with the same outcome (14, 15, 16) . The Cochrane Handbook for Systematic Reviews of Interventions suggests that IPD meta-analyses may be beneficial when many studies are either unpublished or published only in the 'grey literature' (i.e. unpublished literature, such as abstracts and working papers), when different analyses are applied to the results, and when multivariate or other complex analyses are needed (17) . IPD meta-analysis methods can minimise publication bias, improve data and analysis quality, and enhance interpretation of the findings, as well as support collaboration on future research (18) . The issue of publication bias (and outcome reporting bias) is well acknowledged (19, 20) ; on average, published trials show a 9% larger intervention effect than grey literature trials (20) . Including data from grey literature is a way of addressing this problem.
Nevertheless, unpublished studies may also introduce bias into the review (17) .
A recent study attempted to summarise the acute effects of PA on exercise and cigarette cravings, but they did not use individual participant data (IPD) and included only 10 studies in the meta-analyses (21) . Although IPD meta-analysis is more time-consuming than aggregate meta-analysis (18) , it offers advantages (12, 16) ; including enabling exploratory analyses such as heterogeneity examination and increases the power to detect any treatment effects across individuals in randomised trials. This study aimed to update the current evidence on the acute effects of PA on cigarette cravings, following a systematic review (11) , and to collate IPD for use in quantifying the acute effects of PA on cigarette cravings.
METHODS

Search strategy
We followed the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines for conducting and reporting systematic reviews (22). A systematic review of literature was conducted, following the methodology described by Taylor et al (11) . Online searches of electronic Requests for literature were posted on key list-serves (SALIS, OTRU-NET, SRNT, and Globalink), and authors of published studies on exercise and smoking cessation interventions were contacted for any new literature. We restricted our search to articles written in English and published from 2004 onwards; the previous review (11), which we are updating, conducted searches until July 2006.
Searches ended on 31st May 2011. The search terms were: "(smoking or smoking cessation) and (exercise or physical activity) and (craving$ or withdrawal)".
Inclusion/exclusion criteria
Eligible studies had to examine the acute effects of PA on either Desire to Smoke (DtS; 23) or Strength of Desire to Smoke (SoD; 24, 25) using a 7 point Likert scale (1-7). SoD and DtS are two frequently used measures of cigarette cravings. DtS is assessed with the following statement: 'I have a desire for a cigarette right now' (1 = strongly disagree, 4 = neither agree or disagree, 7 = strongly agree), while SoD was adapted (26) from the Mood and Physical Symptoms Scale (24, 25) and is assessed with the statement 'How strong is your desire to smoke right now?' (1 = not at all, 4 = somewhat, 7 = extremely). Studies were eligible if they involved randomised cross-over or parallel arm trials with a minimum abstinence period of two hours prior to baseline measurement, which increases baseline cigarette cravings (27). Acute studies involving participants who were taking part in a cessation programme or were using nicotine replacement therapy (NRT) were excluded since baseline cravings may be low and we sought to determine the effects of PA on strong cravings, as typically experienced during the first hours and days of cessation. To avoid publication bias, we included both published and unpublished studies.
Data extraction and synthesis
Information regarding individual participants' pre-and post-treatment craving levels (DtS and/or SoD measures) and the conditions they experienced was obtained for all participants in the eligible studies.
To be able to compare PA treatment versus control treatment, all three-arm studies were collapsed into a two-arm design. More specifically, in studies where there were two PA conditions and one control condition, both PA conditions were pooled into one PA arm. Similarly, if there were two control conditions (and one PA condition) both control conditions were collapsed into one control arm. The majority of studies used a Likert scale of 1-7 to record both SoD and DtS. If a study used a 0-5 Likert scale we adjusted the values (i.e., from 0-5 to 1-7 scale; i.e. 0 = 1, 1 = 2.2, 2 = 3.4 etc up to 5 = 7) and included it in the review (28, 29).
Data analyses
Both fixed effect (FE) meta-analysis methods (which assume that individual studies are estimating the same underlying treatment effect) and random effects (RE) methods (which assume that different studies are estimating different but related effect sizes) were considered. Due to the heterogeneity of studies with regard to types of PA intervention and participant characteristics, the RE methods were applied to the data (30, 31). Although technically ordinal variables rather than continuous, these variables were treated as continuous (as in the primary studies) for the purpose of the analyses, and to facilitate use of linear regression modelling. When using IPD, there are two basic approaches to metaanalyses. The simpler of these is to use a two-stage model, in which an effect size, with related metrics such as the confidence interval or standard error, or aggregate data, can be derived for each primary study and then incorporated using standard meta-analysis methods. Alternatively, a more complex one-stage model can be used in which all data from the primary studies are incorporated into one model, which accounts for the derivation of the data from multiple trials (32). A one-stage model has advantages over a two-stage model when investigating patient-level sources of heterogeneity, as patient-level characteristics can be incorporated into the model (33) . For these analyses, both approaches were used; although it was anticipated that results would be similar, the two-stage model allows for the visual presentation of results in the form of forest plots, and for easy quantification of heterogeneity, whilst the use of a one-stage approach facilitates future analyses incorporating patientlevel covariates.
Two-stage meta-analyses were performed by initially deriving an effect size (ES) in terms of the mean difference between the PA and control groups for post-intervention SoD/DtS within each trial, using IPD. For parallel arm trials, a linear regression model with SoD/DtS as the outcome variable was used to derive a mean difference between the two treatment arms and its associated standard error (SE) in the first stage. Adjustment was made for baseline SoD/DtS. For cross-over trials, to determine the mean difference and SE, a mixed linear regression model with a random intercept on participant was employed for all trials (to allow adjustment for multiple observations on individual participants; 34) in the first stage. Again, adjustment was made for the baseline value of SoD/DtS. In the second stage, using the derived data from each trial, the results were combined using RE models, to yield a pooled estimate for the average standardised mean difference across the studies. Statistical heterogeneity was also investigated by visual inspection of forest plots and using the Q statistic (with a p-value < 0.1 considered to be significant; 35) and I 2 methods (36).
For the one-stage meta-analyses, studies were combined using a mixed linear regression model (37), with a fixed effect on study and a random intercept on participant (to allow adjustment for multiple observations within participant for the cross-over trials). For a random effect on treatment, a random slope within study was added to the model, allowing the treatment effect to vary across studies. Using a random effects model, an approximate 95% mid-range (assuming a normal distribution of treatment effects across studies) can be derived using the fixed effect (mean difference between groups) for intervention and the standard deviation (SD) for intervention effect within study (38) . If the fixed effect is given by a and the SD of the random effect is given by b, then a 95% midrange is given by a -1.96b; a +1.96b. For 95% of studies, the true mean difference between intervention groups lies within this range. All analyses were performed using Stata v. 11.
RESULTS
Literature search
The database searches yielded 544 items. After including studies from other resources, such as a previous review by Taylor authors were contacted to provide raw IPD. We were not able to obtain IPD for one study (71) and thus this study was excluded from the meta-analysis. Tables S1 and S2 (45, 49, 54) . One study (39) delivered two interventions on the same day; the first in a laboratory, which was followed with an `outside laboratory' intervention.
To increase homogeneity of the selected studies (all other studies were conducted in a laboratory environment) we included only the laboratory based results. (64, 68, 70) , while all three studies collected both SoD and DtS measures of cigarette cravings. We were able to obtain IPD for both craving outcomes from the authors (64, 68, 70) , and included both SoD and DtS measures in our analyses. In addition, we included craving data from four participants who were excluded from a published dataset as they did not fulfil the requirements for the main outcome of the study (70) .
The methodological quality of the studies was also examined. Publication bias was addressed by including both published and unpublished studies. As both SoD and DtS outcomes produced similar results (even if only one of the collected outcomes was published), reporting bias was not considered to be an issue. All studies reported using randomisation in their design; however, one study reported that the randomisation was based on a recruitment order (63).
Insert Table 1 about here
Strength of Desire
SoD was the main outcome in 15 studies providing 797 observations; 440 in PA and 475 in control condition. Seven of these studies were parallel arm studies (39, 43, 45, 49, 65, 67, 68 ) and eight were cross-over studies (27-29, 50, 53, 63, 64, 70) . Five of the parallel arm studies, included three arms in their design (39, 43, 49, 67, 68) . Passive and body scanning conditions were both considered to be control arms (39, 68) . Similarly, both video watching and the sitting condition were considered to be a control arm in one study (67) . We considered both moderate and vigorous cycling to be PA treatment arms (49) . Both light and moderate cycling were coded as PA conditions for one study (43) . Four of the cross-over design studies (28, 29, 50, 63) included three arms in their design. We combined treadmill running and walking (63), vigorous and moderate cycling (29), treadmill running and walking (28), and treadmill walking and isometric exercise (50) , considering all of these conditions as PA.
Desire to smoke
DtS was the main outcome in 17 studies providing 837 observations; 463 in PA and 374 in control condition. Five of these studies were parallel arm studies (43, 45, 65, 67, 68 ) and 12 were cross-over studies (27-29, 50, 53-57, 63, 64, 70) . Three of the parallel arm studies (43, 67, 68) included three arms in their design. Again, we considered passive and body scanning conditions (68), video watching and passive condition (67) to be control conditions and both light cycling and passive condition (43) to be a PA condition. Four of the cross-over design studies (28, 29, 50, 63), included three arms in their design. We combined treadmill running and walking (63), vigorous and moderate cycling (29), treadmill running and walking (28) and treadmill walking and isometric exercise (50) .
Individual Participant Data Meta-Analysis
The individual meta-analysis results are summarised in Table 2 and 3 and are appraised in the discussion section.
Insert Table 2 
Parallel arm studies
Two-stage random effects meta-analysis of parallel arm studies
The two-stage IPD random effects meta-analysis of seven parallel arm studies yielded a summary .
Studies investigating physical activity of moderate intensity
Because the effect sizes of the individual studies varied, possibly suggesting that the effect of PA may be dependent on the type, intensity or duration of PA used, we decided to analyse only studies comparing moderate intensity PA with a control condition. .
DISCUSSION
All analyses suggest that short bouts of PA acutely decrease cigarette cravings (Table 2 and 3) and confirm conclusions from previous narrative reviews (10, 11). We were not able to obtain IPD from one study (71) ; however, as the study included only eight participants, it is unlikely that it would have an effect on the reported results. When the analyses were restricted to parallel arm trials only, we found very similar results compared to analyses including all studies, with cross-over design studies producing effect sizes similar to those of parallel arm design. In addition, there were no substantial differences between the one-stage and two-stage RE meta-analysis results of all studies. Both published and unpublished studies showed similar effects in terms of direction and magnitude. Similar effect sizes for both outcome measures (SoD and DtS) were also found in cases where we were able to obtain IPD for both outcome measures, while only one outcome was reported in the associated publication. When we narrowed the comparison to only moderate-intensity PA versus controls, the effect sizes were somewhat larger. This suggests that the prospective moderating effects of PA intensity (and possibly type and duration of PA also) on cigarette cravings needs to be further investigated.
Our results were similar to those reported in a recent review (21) , despite some differences in methodology. The authors of the review used imputed changes in scores in cravings, did not adjust for baseline values of SoD and DtS, included fewer studies in the meta-analyses (9 and 10 for SoD and DtS respectively) and also included a study with participants using NRT (40) . Similarity of the results may suggest that the effects of acute PA on cigarette cravings are robust. The study that produced the largest effect size for both SoD (-4.54; 95% CI:-5.00 to -4.09) and DtS (-4.27; 95% CI:-4.76 to -3.79) reported the highest mean baseline measures (Table 1; 67) . This study also used slightly older participants (mean age = 36yrs) than other studies. Two other studies that produced larger effect sizes (effect size > -3; 27, 64), also had high initial cravings (Table 1) . However, other studies also had high baseline cravings (i.e., > 5) and did not produce so large effect sizes. In contrast, all studies investigating isometric exercise (39, 50, 68) had the smallest effect sizes, with a 95% CI including 0 in two cases for SoD (39, 68) and in one case for DtS (68) . The results from the above mentioned studies further support the idea that mode of PA may influence the effects of short bouts of PA on cravings. In addition, these results may also suggest that age and nicotine dependence (judged by the level of baseline cravings) may moderate the effect of acute PA on cigarette cravings, although further research is warranted to corroborate this suggestion.
In two studies investigating the effect of isometric exercise on cravings we considered both passive and body scanning conditions to be control conditions. However, both studies investigating body scanning suggested a positive effect of body scanning (compared with passive control) on cigarette cravings (39, 68) . If the body scanning conditions are removed from the analysis (comparing sitting control condition with PA), the effect sizes of both studies increased (but remained low). When we removed isometric exercise from a study comparing a walking condition and an isometric exercise condition with a control condition (50), the effect size increased. Similarly, when light cycling was excluded from the analysis (43), the effect size increased. Such results may again suggest that some modes of PA may be less beneficial than others in reducing cigarette cravings, although in some situations (e.g., in a workplace) sitting-based isometric exercise may be more practical than aerobictype exercise.
Most importantly, all individual studies in all analyses consistently had effect sizes (for both SoD and DtS) in the same direction (varying only in magnitude). All indicated positive effects of PA on cigarette cravings and suggested that it was feasible to quantify the effects of an acute bout of PA on cigarette cravings using meta-analysis. Furthermore, all meta-analyses showed a moderate decrease in cigarette cravings after a short bout of physical activity, which was statistically significant across all meta-analyses. The magnitude of the craving reduction after short bouts of PA is comparable and exceeding the craving reduction associated with NRT and glucose (4, 11) , and this may have practical implications for the use of PA as a smoking cessation aid.
CONCLUSIONS
This is the first study to quantify the acute effects of PA on cigarette cravings using IPD metaanalysis. The effects were large, at a time when participants were experiencing moderate to high cravings following a period of abstinence. This review highlights the potential of a single session of PA to reduce cravings, especially when cravings are high. However, further analysis exploring heterogeneity among the studies is needed to improve understanding of the effects of acute PA on cigarette cravings. Investigating the role of patient characteristics, smoking characteristics and aspects of PA such as type, duration and intensity, as potential moderators on the effects is necessary.
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